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Directly observe sodium chloride aggregates 
waltzing through dilute solutions 
Li Shu, Shuang Wu and Veeriah Jegatheesan 
1. INTRODUCTION 
Can salt aggregates be in a dilute solution? Even now, it is unbelievable for almost every 
learned scholar. But, in 2005, Shu et al reported the possible existence of sodium chloride 
aggregates in unsaturated solutions (Shu et al., 2005) . The following phenomena, which 
hint at salt aggregation in unsaturated solutions, were the reason for us to pursue this 
research: 
1. when measuring the concentration of sodium ions (Na+) in a concentrated solution 
(for example, a concentration more than 500 mg/L of sodium chloride) using 
Inductively Coupled Plasma (ICP) we have to dilute the solution. Even when diluted, 
acid has to be added to the solution to disperse Na+; 
2. when sodium chloride (NaCl) solution was filtered using a nanofiltration membrane 
we observed membrane pore enlargement (Denyer et al., 2007); and 
3. conductivity increases linearly at lower concentrations of salt but not at higher 
concentrations. 
Several methods such as UV-visible Spectrometer, Raman Scattering, Mastersizer and 
Nanosizer have been tried to measure sodium chloride crystals/ aggregates . These 
equipments could not provide convincing results with limited experiments except the 
Nanosizer. Then, in June 2011, the first author heard about a powerful optical microscope 
and booked one with no hope to see any crystals. Surprisingly, salt aggregates were observed 
in unsaturated solutions. 
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In this study, we report our findings on the following: 1. direct observation of salt 
aggregates; 2. measurements of aggregate sizes. 
2. MATERIALS AND METHODS 
pH is not adjusted during the experiments to avoid introducing impurities into the 
solutions. Experiments are carried out at room temperatures 23±1 °C. 
When taking Milli Q water to make blank and solutions we discarded the first 100 ml of 
Milli Q water. All the chemicals used are analytical grade. Filter paper with 0.45 µm 
pore size was used to filter large particles according to the standard method for total 
dissolved solids (APHA, AWWA and WEF, 2005). 
Nanosizer is NZ nanosizer, Malvern. 
Microscope used is DP70, Olympus BXSlM (Microscope) and Olympus U-TVO.SXC-3 
(Camera, 5G09473), made in Japan with a maximum magnification of 2000. Filters used 
are U-AN360-3 and U-DICR. 
Both sides of a glass slide was washed at least three times with Milli Q water and wiped 
dry with Kimwipes, a ultra low lint tissue paper which will leave almost no fibre behind 
after cleaning. A solution sample was poured into three bottles. Bottle 1 for measuring 
pH and Conductivity then rinsing pipette, bottle 2 for observing particles through 
microscope, bottle 3 for measuring size and size distribution using a Nanosizer. A plastic 
pasture pipette was rinsed two to three times with the solution in bottle 1. 
Solutions were made at the Water Laboratory at the School of Engineering (Deakin 
University) and taken to the Institute for Frontier Materials (IFM) (Deakin University) 
for particle size related analysis. 
3. RESULTS AND DISCUSSION 
Sodium chloride solutions from 0.00001 - 7 mol/L were made with ultrapure Milli Q 
Water (Millipore, 2012). 
3.1 Direct observation of salt aggregates using a powerful microscopy 
We observed not one but three types of sodium chloride crystals/ aggregates using a 
microscope (OLYMPUS, DP70). The first type of salt aggregate is a solid one. The second 
type is a solid crystal/salt aggregate inside a watery ball (Figure la). The third is a solid 
crystal surrounded by a white cloud (Figure lb). 
The watery ball shaped salt aggregates have been sampled from solutions of 0.0001 to 7 
mol/L (M) of sodium chloride. Sizes of salt aggregates are quite large and can be more 
than 100 micrometers (µm) at least in one dimension. In true solutions, particle sizes are 
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less than 2 x 10-9 meters or 2 nanometers (Levin, 2002). The ball shaped salt aggregates 
were quite stable. Their presence was found in, 
1. 0.0001 mol/L of salt solution after a week storage 
2. 5 mol/L of solution that had been stored for 5 months 
3. 1 mol/L of sodium chloride solution after filtration. 
Several rings inside the ball can be seen possibly due to the concentration difference. A 
formula could picture the watery ball (Figure la): In the center it is (NaCl) mo' in the layer 
next to the center, (NaCl)m1.xH20, in the second layer (NaCl)m2.yH20, in the third layer 
(NaCl)m3.zH20 and so on. Further studies are warranted to explore this observation. 
The watery ball is a water cluster since it is neither a salt aggregate nor impurity and an air 
bubble behaves differently under microscope. We cannot see water clusters directly with 
our naked eye. However, we could see it if a particle is inside of it. 
The solid salt aggregates in saturated solutions (both 6 and 7 M) are cubic (Silberberg, 
2000). We observed many solid aggregates from diluted to concentrated solutions and 
almost all of them have a shape of part of a cube. We observed both solid crystals and solid 
crystal surrounded by a cloud in every solution from 0.00001 to 7 M. 
We often noted butterfly shaped solid salt aggregates (Figure le). If we look at its surface 
closely we could see many small aggregates on it with the sizes from several micrometers. 
It is possible that smaller aggregates collided with each other and formed new and larger 
aggregates. This observation could be described chemically as below: 
Na+ +Cl-= NaCl 
NaCl+ NaCl= (NaC1)2 
NaCl+ (NaC1)2 = (NaC1)3 
(NaCl)2 + (NaCl)2 == (NaC1)4 
(NaC1) 111 + (NaCl)n = (NaCl)m+n 
(1) 
(2) 
(3) 
(4) 
(5) 
The above equations indicate the interaction among those different size aggregates leading 
to the size distribution of those aggregates in the solution. We used a nanosizer to confirm 
this. 
We observed rod shaped crystals in solutions less than 0.01 M (Figure ld). It is both 
interesting and important to study the shape and size of crystals. In industries, people 
often add inhibitors to control the sizes and shapes of crystals (Myerson, 2002; Coulson et 
al., 1997). We used the purest water possible and analytical grade chemicals during our 
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Figure 1: Various salt aggregates in solutions 
a. Watery ball shaped salt aggregates 
b. Cloudy salt aggregate 
c . Butterfly shaped salt aggregate (outside water). 
d. Rod shaped crystal (inside water drop). 
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study. Industries will use industrial grade chemicals and tap water or ground water 
with minimum treatment in production processes. It is important to study the effect of 
impurities on crystal shapes and sizes in solutions in order to have expected products. 
For example, although mills in the textile industry use standard raw materials and 
processes during dying, very often they will get different products from different runs 
and have to re-dye the fabric. If we can study the shapes and sizes of salt related to color, 
the industry will reduce significantly the rework hence saving time and energy. 
Salt aggregates in a solution are quite changeable. At the beginning, there would be one 
or two large aggregates visible under a microscope depending on the salt concentration. 
After around ten minutes, we could observe another one or two large aggregates. They 
formed on the edge of the water drop almost all the time. We could see a circle of salt 
crystals around the water drop after all water dried up. If we see closely using a 
microscope we could see small salt aggregates somehow connected with each other. 
Some of them formed lines. 
Salt aggregates in Figure 1 were all found at the very beginning of the water drop placing 
on a glass slide. We sampled water balls on the bottom of sample bottles. More study is 
needed to verify the nature of watery balls. 
The dynamic nature of salt aggregates possesses a challenge to the science community. 
On the other hand, it provides opportunity to find something new. For example, this 
research group has found that the pH of sodium chloride solution is not neutral. We are 
working on corrosion properties of neutral salt and have found that they are corrosive. 
Results of those studies will be published in due course. 
One of the advantages of the finding is that we can observe the formation and growth of 
salt aggregates directly. It may be possible to understand the mechanism of salting out 
by direct observing salt aggregates attaching to macromolecules, the crystallization of 
protein; to understand interaction of water with a substance by directly observe the 
structural and dynamic properties. We might be able to observe salt aggregates attaching 
to the membrane wall of a bacterium and grow and understand the principle of food 
preservation with salt. We also can have an insight into why pH and conductivity values 
are different from the middle of a solution to these near a wall of a beaker or on the 
bottom of the beaker. 
Interested readers can do a dissolution test. You will have an unprecedented view of salt 
dissolution and dynamic salt aggregate formation through a microscope. 
3.2 Particle size distribution 
As mentioned previously, Equations 1 to 5 indicated salt aggregates having different 
sizes. To prove it we measured sodium chloride solutions from 0.00001 to 7 Musing a 
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Nanosizer. Out of a hundred measurements only two sets of data are valid according to 
the instrument. We present one of them in Figure 2. We can see that nwst of the particles 
are in the size range of 100 to 1000 nm while some of the salt aggregates are more than 
1000 nm. 
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Figure 2: Size and size distribution of 2 M sodium chloride solutions at room temperature 
Solutions having particles with sizes ranging from 2 to 1000 nm are classified as colloid 
(Levin, 2002). Particle sizes in unsaturated sodium chloride solution at rest will have 
similar sizes as colloids. However, the particles can pass filters with pore size of 200 
Dalton (which means the filter only allow molecules having molecular weight less than 
200 g/mol to pass (Cheng, et al., 2012; Luo and Wan, 2011; Yu, et al., 2011; Koyuncu et 
al., 2004) thus those aggregates are different from colloidal particles. It is possible that 
we can control mixing speed and have salt aggregates having sizes less than 100 nm. 
Then we will have nanoparticles not only abundant but also nontoxic. 
We estimated that 22.5 million NaCl molecules are required to form an aggregate of 
cubic shape with sides of 100 nm (Table la). It will weigh 2.168 x 10- 15 gram or 2.168 
femtogram. 
lt is worth mentioning that no particles less than 2 nm were found by the Nanosizer, 
which could measure particle size down to 0.6 nm. It is possible that dissociation of 
>JaCl to Na+ and CI- (Equation 1) happens on the surface of salt aggregates. Molecules 
inside salt aggregates do not participate in dissociation. When a salt aggregate is bigger 
a large portion of the salt is not on the surface but buried inside the salt aggregates (Table 
la). The ratio between the surface area and volume of a particle will decrease 4 orders of 
rnagnitude when the particle size increases from 1 nm to 10 pm. l£ we think the particle 
\ize in true solutions is less than 2 nm it will lead to different outcomes when modelling 
~harge and energy in a system. 
220 I Solutions to Environmental Challenges through Innovations in Research 
Table 1 a: Relationship between size and surface area of sodium chloride aggregates 
Size Volume Number of NaCl Weight AreaNolume -
nm (nm)3 molecules gram* 1/nm 
0.562 0.178 4 3.84970 x 10-22 10.676 
1 1 22.5 2.16879 x 10-21 6 
100 106 2.2534661803 x 107 2.16879 x l0-15 6 x 10-2 
1000 109 2.2534661803 x 1010 2.16879 x 10-12 6 x 10-3 
10,000 1012 2.2534661803 x 1013 2.16879 x 10-9 6 x 10-4 
100,000 101s 2.2534661803 x 1016 2.16879 x 10-6 6 x 10-s 
Lattice constant of sodium chloride is 0.562 nm (Hakinen et al., 1995). 
*Calculated using number of sodium chloride (Avogadro number= 6.02214129 x 1023; molecular weight of 
sodium chloride =57.958622382 g/mol) 
Salt aggregation might be the reason why conductivity does not increase linearly as the 
concentration increases. In other words, the salt buried inside the salt aggregates will 
have less efficiency in conducting the current. We might explain why activities of salt do 
not increase linearly at high concentrations in the same way. However, further study is 
needed for quantitative explanation. 
Table lb shows how many salt aggregates can be in a liter of solution at difference 
concentrations. It is possible to detect salt aggregates at 10-13 M of sodium chloride 
solutions. The salt concentration should be as low as 10-14 or even lower to study properties 
of true solutions (Table le). 
Table 1 b: Numbers of aggregates at difference average particle sizes 
Mole/L Aggregates at ave. Aggregates at ave. Aggregates at ave. 
size 100 nm size 800 nm size 1000 nm 
1 2.67 x 1016 5.22 x 1013 2.67 x 1013 
10-3 2.67 x 1013 5.22 x 1010 2.67 x 1010 
10-6 2.67 x 1010 5.22 x 107 2.67 x 107 
10-s 2.67 x 108 5.22 x 105 2.67 x 105 
10-9 2.67 x 107 5.22 x 104 2.67 x 104 
10-12 2.67 x 104 52.2 26.7 
Assume salt aggregates are cubic. 
By discovering salt aggregates in diluted solutions, we could quantify the dynamic 
properties of salt solutions, such as aggregation, deposition, transportation, which are 
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Table 1 c: Numbers of aggregates at difference average particle sizes 
Mole/L Aggregates at ave. Aggregates at ave. Aggregates at ave. 
size lnm size 50 nm size 80 nm 
10-12 2.67 x 1010 2.14 x 105 5.22 x 104 
10-13 2.67 x 109 2.14 x 104 2.67 x 103 
10-14 2.67 x 108 2.14 x 103 2.67 x 102 
10-15 2.67 x 107 2.14 x 102 26.7 
10·18 26.7 x 104 2.14 x 10·1 2.67x10-2 
Assume salt aggregates are cubic. 
encountered in chemical, environmental, mineral and biological sectors (Elimelech et al., 
1995). 
4. CONCLUSIONS 
From the observation of the particle size distribution we can come to the conclusion that 
sodium chloride does not completely dissolve in water. It forms salt aggregates. Thus, diluted 
sodium chloride solution is not a true solution at concentration as low as 0.00001 M. 
If highly soluble salt sodium chloride can form salt aggregates in dilute solutions, it is 
logical to conclude that other salts and even other substances that are similar or less 
soluble should also form aggregates in dilute solutions. Therefore, aggregation is a wide 
spread phenomenon. 
We can use all the instruments developed for measuring particle size, size distribution 
and surface properties in solutions since salt has a size and surface. Obviously, new 
instruments will be invented to accommodate the uniqueness of salt aggregates. 
We can examine many well established theories using salt as a molecular model. A sound 
theory should be able to predict behavior of both traditional particles as well as salt 
aggregates. Some of the theories especially those for high salt concentration will be 
developed. Some new phenomenon will be discovered. 
Diverse shapes and styles of salt aggregates first seen by artists could be an inspiring 
source of imagination and creativity. 
lobs will be created for research community, industry and general public alike. 
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